Abstract: Sn-58Bi solder has been widely used for microelectronics packaging due to its low melting point temperature, good wetting performance, good mechanical properties, and low cost. Compared with Sn-Bi solder alloy and Sn-Pb solder alloy, the strength and plasticity of Sn-Bi solder are not enough, due to the higher brittleness of bismuth, which thus limits the application of Sn-Bi solder. In order to improve the properties of Sn-Bi solder, a novel solder paste strengthened with resin was developed by mixing epoxy resin (ER) with Sn-58Bi solder, which enhanced the joint strength at a low cost. Aimed at the electronic industry, in this study, the spreadability of the novel solder paste was investigated, and the mechanical properties and microstructure of solder joints after reflow soldering were tested and analyzed. The results showed that when the content of epoxy resin was in the optimum range, the shear strength was significantly higher, reaching nearly twice that of Sn-58Bi solder alone.
Introduction
The regulation of certain hazardous substances (RoHS) and waste electrical and electronic equipment (WEEE), issued in 2003 and formally implemented on 2006, has lead research on lead-free solder to become a global research hotspot [1, 2] . Finding lead-free solders to replace Sn-Pb solders has become a new challenge in materials science. Recently, environmental-friendly lead-free Sn-based solder alloys contain a variety of elements, such as Ag, Cu, Sb, Zn, Bi, and In, have been widely used in electronic packaging systems. References [3] [4] [5] [6] [7] have shown that compared with the toxicity of cadmium and antimony, Ag, Cu, Zn, Bi, and In additives are generally recognized as "green elements" in the electronic field. However, the most common solder alloys, such as Sn-Ag and Sn-Cu solder alloys, have melting point temperatures in excess of 200 • C. In the case of low-temperature soldering conditions, only Sn-Bi and Sn-In systems are common in soldering [8, 9] .
Low-melting-point, lead-free solder alloys are mainly used in applications where the components can only withstand low temperatures, such as in notebook cooling modules, Surface Mounted Devices (SMDs), and thermistors [10] . At present, the solder alloys satisfying the conditions are mainly Sn-In and Sn-Bi, whose melting points are below 180 • C. However, the application of Sn-In alloy is limited due to the high cost and shortage of resources. Sn-Bi solder alloy is particularly suitable for products requiring low-temperature soldering conditions. Bi is a surface-active element that can improve solder wettability. In addition to Pb, Bi is the most effective element for reducing the occurrence of Sn whiskers [11, 12] . In terms of health hazards, bismuth is safer than other commonly used metals such as Sn, Ag, In, Cu, and Ni. Sn-χBi-based solder alloys have an extremely broad melting point range, from 138 • C to 232 • C in the eutectic point. It does not form inter-metallic compounds (IMCs), and Bi exists mainly in Sn as a solid solution [13, 14] . Therefore, the strengthening effect of the Sn-Bi system is solid solution strengthening. Some researchers believe that Sn-B-based solder alloys are ideal substitutes for traditional Sn-Pb solder alloys; however, their inherent brittleness limits their applications [15] . Excessive concentrations of Bi atoms can adversely affect the mechanical properties of Sn-Bi solder joints and reduce tensile strength and plasticity [16] .
To improve the strength of Sn-Bi solder joints, researchers have proposed many improvements. Hu et al. [17] researched the influences of Ag addition to Sn-58Bi solder, and the results revealed that the Ag addition could form a Cu-Ag layer and Bi segregation was restrained without embrittlement, which could enhance the solder joint strength. Liu et al. [18] conducted a mechanical mixing method to add low-Ag Sn-0.7Ag-0.5Cu-2.5Bi-0.05Ni (SAC-BN) to Sn-Bi eutectic solder pastes, which suppressed the possibility of brittle failure of the solder joints by decreasing the relative concentration of Bi. The distribution of Sn-Ag and Sn-Cu intermetallic compounds was considered to improve the mechanical properties of solder joints. Zhang et al. [19] studied the effect of Sb content on the properties of Sn-Bi solders. It was found that the shear strength of the Sn-Bi-Sb solders increased as the Sb content increased. However, rather than adding a third element to the solder alloy to improve the strength, another method acts by changing the flux component in the solder paste. In addition to solvents, thixotropic agents, and activators, the most important component of flux in solder paste is rosin or synthetic resin, which can improve wettability, increase surface tension, and has a low viscosity to remove the product. A stable insulating layer can be formed to stabilize the product after soldering. Epoxy resin has good properties, which are obtained by reacting the linear epoxy resin with suitable curatives to form three-dimensional cross-linked thermoset structures [20] . Epoxy resin has a low shrinkage rate during curing reaction and the cured product has good adhesion, heat resistance, and mechanical properties which can be added to the flux as a synthetic resin.
In this study, a spreading area test was conducted to observe the influence of resin on the spreading behavior on a solder joint. Comparisons of mechanical properties and fracture morphologies between Sn-58Bi solder and Sn-58Bi resin solder were also made through shear tests.
Materials and Methods

Specimen Preparation
In this study, thermosetting epoxy resin (ER), curing agent Y (Shinshi, Guangzhou, China), and eutectic Sn-58Bi (in wt.%) solder paste (Hoerson, Shenzhen, China) were used. Table 1 shows the test material parameters, which were provided by the manufacturer. The melting point of the solder paste was about 138 • C. Fixed proportions of resin, curing agent, and promoter were added to the reaction vessel, which was then heated and stirred in a 60 • C water bath for a few hours until the components were well mixed. This was then mixed with Sn-58Bi solder paste, the resin category solder paste with a mass fraction of 3-9 wt.% was configured. 
Resin Category Epoxy Resin
Curing temperature ( • C) 160~180 Curing time (s) 120~300 Curing agent Y
Testing Device
Pure copper plates (Ra ≤ 0.3 µm) were used as the substrates with dimensions of 30 × 30 × 0.5 mm. The surface oxide film of the copper plates were cleaned with 10% H 2 SO 4 solution and then washed with absolute ethanol. The epoxy resin component solvents were prepared with different mass fractions by semi-micro balance (OHAUS, Shanghai, China), and evenly mixed with solder paste. In order to reduce the error of the spreading test, the same amount of solder paste was placed on the center of the copper plate by stencil printing, and then reflowed in an oven apparatus at 190 • C (setting temperature) for 3 min. The spreading area of the solder was measured by the selection function of PHOTOSHOP. Five specimens were made for each parameter, and the average value was taken as the spreading area of the solder paste. The reflow profile used in this study is shown in Figure 1 . According to the melting point of Sn-58Bi solder past, the peak temperature was 190 • C and the total reflow time was 5 min. Wettability was tested by a drying oven. A force gauge was used to test the shear force, and the mechanical properties of the solder joints were tested according to Japanese industrial standards "JIS Z 3198-7 Method for shear strength of solder joints on chip components". Using an ENIG (Electroless Nickel/Immersion Gold) surface-treated substrate, the 1210 SMD resistor was attached to the appropriate position by a placement machine and subjected to reflow soldering for low speed shear testing, for which the shear height was 200 µm and shear speed was 200 µm/s. Five parameters were tested for each parameter and averaged. The microstructure of the specimens and the fracture surfaces were investigated and analyzed using scanning electron microscopes (SEM, Hitachi, Tokyo, Japan). The specimens were cut by a universal cut-off machine (Struers, Shanghai, China), grinded, and polished (polishing cloth type: MD-Dac and MD-Nap, water-based diamond suspension: grain size ≤ 3 µm and 1 µm) before the SEM observation. 
Results and Discussion
Spreading Performance of Solder Paste
The spreading performance of solders reflects the wettability and solderability to some extent. The spreading status of Sn-58Bi solder paste at different resin contents are shown in Table 2 . Solder paste with epoxy resin and copper substrate exhibited good wettability. The effects of different epoxy resin contents of Sn-58Bi solder paste on the spreading area and wetting angle are shown in Figure 2 . Five data points were tested for one parameter and averaged. Standard deviations were used to calculate the stability of experimental data. The spreading area of the epoxy resin Sn-58Bi solder paste had a maximum at 5 wt.%, and the wetting angle was reduced by 5 • compared with that of the Sn-58Bi solder paste, which indicated that the addition of epoxy resin promoted the wettability of the solder paste. Figure 2 . Spreading area and wetting angle curves of Sn-58Bi solder paste for different epoxy resin contents.
The wettability test was observed to obtain the following types of solder paste spreading, as shown in Figure 2 and Table 2 , the spreading area of the flux containing epoxy resin was reduced with increasing resin content. The solder and flux influenced the wettability of solder paste. The wettability was determined using an intermetallic compound (IMC) that formed Cu 6 Sn 5 between the Sn-58Bi melting solder and the Cu substrate [21, 22] . Meanwhile, the flux improved the wettability mainly by removing the oxide film on the surface of the Cu substrate, reducing the surface tension and preventing reoxidation. In this study, epoxy resin can reduce the surface tension between the Sn-58Bi solder and the Cu substrate, which helps to increase the spread area. Figure 4 shows the elemental mapping of the Sn-58Bi solder joint with epoxy resin and the Sn-58Bi/Cu solder joint interface, using pseudo-color representations to distinguish different elements. Only Sn and Bi elements were detected on the solder side, indicating that the region consists of a typical lamellar eutectic crystal nucleus (spectrum 1) composed of a Sn-rich phase and a Bi-rich phase (spectrum 2). Compared to Figure 4a ,b, similar to the active agent in the flux, bismuth was also a surface active element, which could increase the interfacial tension and improve the wettability. However, it also caused the enrichment of Bi near the interface [23, 24] .
Microstructure Observation and Analysis
The Bi enrichment region near the IMC was approximately 15 µm thick, as shown in Figure 4a . Compared to Figure 4b , the Sn-rich phase and Bi-rich phase of the solder near the interface side were more evenly distributed, and the enrichment of Bi was significantly reduced. Sn was observed in Figure 4(a1,b1) , which indicated that the Sn distribution in the Sn-58Bi/Cu interface layer in Figure 4 (a1) was thin and maldistribution, while in Figure 4(b1) there was an obvious increase of tin in the interface layer and solder side. This implied that there was more tin in the reaction of the solder with the copper substrate, resulting in a greater amount of IMC. This phenomenon showed that the epoxy resin promoted the reaction between Sn-58Bi and Cu, improved the excessive enrichment of bismuth near the interface, and reduced the brittleness caused by the enrichment of bismuth. Due to the short reflow time, the IMC layer was thinner than that reported by other studies. A linear distribution of EDS (Energy Disperse Spectroscopy) was used to detect Sn element distribution on the interface, as shown in Figure 4 (c3). The scanning path was selected to pass through the Bi-rich phase and the Cu substrate and was indicated by a solid yellow line, as shown in Figure 4b . The content of Sn increased rapidly at the interface layer between the solder and the copper substrate. By observing the dense color of tin at the interface in Figure 4(b1,c3) , the IMC layer was confirmed to be Cu 6 Sn 5 , with a thickness of about 0.5 µm. Figure 5 shows the effect of different contents of epoxy resin on Sn-58Bi solder joints, tested by a force gauge ranging from 0 wt.% to 9 wt.% according to JIS Z 3198-7. Five data points were tested for one parameter and averaged, and the standard deviations of the experimental data are shown in Figure 5 . The shear strength of the Sn-58Bi solder joint was 95 N, and as the epoxy content increased to 6 wt.%, the shear strength rose to 191 N (reaching twice that of the Sn-58Bi solder joint alone), and then decreased rapidly. The fracture morphology of the solder joint is shown in Figure 6 . It was observed that the flux with epoxy resin around the solder joint was deformed by shear force, as shown in Figure 6d . Epoxy resin has adhesiveness and good strength, which can affect the fracture process of the solder joint by mechanical resistance [25] . However, Figure 6b indicates that the flux with no epoxy resin does not participate in the deformation, and thus does not influence the shear force.
Fracture Analysis and Shear Strength
In order to study the failure mechanisms of Sn-58Bi solder joints with different epoxy contents, Sn-58Bi solder joints with 0 wt.%, 6 wt.%, and 9 wt.% epoxy resin were selected as the characteristic parameters for analysis. The fractured joints are shown in Figure 7 . It was obvious that the epoxy resin affects the morphology of the fracture surface. There was no obvious plastic deformation feature on the fracture surface of the Sn-58Bi solder joint; the joint appeared to have experienced a brittle fracture process. Red area A displayed in Figure 7a is enlarged and shown in Figure 7 (a1), and red area B displayed in Figure 7a is enlarged and shown in Figure 7(a2) . A series of steps in the crack propagation direction of the area showed a river line pattern, which confirmed a typical brittle fracture. EDS analysis identified the Bi-rich phase, as shown in Figure 7 (d1); this was marked as spectrum 5. The surface area of the fracture detected the bare substrate of spectrum 6 in Figure 7 (d2), which indicated that the adhesive strength of the Sn-58Bi solder paste and the substrate was poor. It was found that the fracture showed different degrees of the grain polyhedral shape of the rock-like pattern in Figure 7 (a2), which was identified as intergranular fracture [26] [27] [28] . As the epoxy resin content increased to 6 wt.%, fracture tended to occur inside the solder. The toughness and brittleness mixing morphology of the Sn-58Bi solder was observed on the fracture surface. The enlarged views of regions A and B marked in Figure 7b are shown in Figure 7(b1,b2) , respectively. The fracture surface in Figure 7 (b1) shows a sliding characteristic, and a tendency to change in toughness is observed in Figure 7 (b2), indicating that the fracture property was improved through the addition of epoxy resin. Figure 7c shows the fracture morphology of the Sn-58Bi solder with 9 wt.% epoxy resin. Many holes with different sizes were observed in the fracture surface. EDS analysis revealed the presence of carbon and oxygen in the holes. It is suspected that due to the excessive addition of epoxy resin to the solder paste, the flux could not be completely diffused during reflow and remained in the solder to form holes. These holes can be considered as the defect that reduced the shear strength of the Sn-58Bi and Cu solder joint.
However, the research in this article still has certain limitations. Future research will focus on the curing process of epoxy resin and the performance of epoxy resin. At the same time, although an increase in the shear strength was observed, the mechanical properties and electrical properties should also be considered and tested. 
Conclusions
This study has investigated the influences of the content level of epoxy resin on the wettability, microstructure, and shear strength of Sn-58Bi solder joints. Based on these experimental results, the conclusions can be drawn as follows:
(1) The Sn-58Bi solder paste with an appropriate amount epoxy of resin exhibited increased wettability because of the surface tension was reduced by the epoxy resin. (2) After reflow, it was observed that the epoxy resin promoted the reaction between Sn-58Bi and Cu and improved the excessive enrichment of bismuth near the interface. (3) The addition of epoxy resin increased the shear strength of Sn-58Bi solder joints; the shear strength of the Sn-58Bi + 6 wt.% ER solder joint was found to be nearly twice as high as that of the Sn-58Bi solder joint. Deformation caused by shear force was observed from the fracture of the flux with epoxy resin, which affected the solder joint shear strength by mechanical resistance. (4) Shear test results revealed that all solder joints had brittle fracture behaviors, while the fracture tended to exhibit a toughness and brittleness mixing morphology due to the addition of epoxy resin. However, carbon and oxygen were observed in the holes in the fracture when the epoxy resin was excessive, indicating that excess epoxy resin could decrease the shear strength of solder joints.
